Femtosecond (fs) laser microfabrication has been gathering more research interests due to its ability to create micro-and sub-micrometer three-dimensional (3D) structures. An extremely high light intensity (-TW/cm2) enables multiphoton absorption (MPA) in transparent materials, upon which the spatial resolution of fabricated elements is confined to the sizes even smaller than optical diffraction limit. Our report will formulate the principles of the laser microfabrication of such applications.
INTRODUCTION
The unique properties of focused femtosecond (fs) pulses are determined by their intensity of light, which can reach over 1018 W/cm2, which in electrical field strength reaches 2.7x10'° V/cm. For example, standard setup of Ti:sapphire laser with regenerative amplifier can deliver up to 1 W at 1 kHz. When these pulses of 120 fs duration are focused into 1 im spot the intensity reaches 1018 W/cm2. Such an electrical fields already exceeds the Coulomb field on the first electronic orbit of hydrogen atom (Bohr radius of which is rB), given by VAT = e/ 2 3xl09 V/cm or, in terms of intensity, /2r 'AT ) 4EOCIVATJ 1016 W/cm2, where is the permiuivity of free space and c is the velocity of light. This implies that discrete spectrum of atomic levels tends to change into continuum. Another characteristic intensity, when atom becomes unstable in respect to the tunneling ionization during the period of light wave, is even smaller: 'T = (hWIJYJAT where J is the ionization potential. Indeed, for Rydberg energy J = 13.6 eV and photon quantum of I eV we obtain 'T °iO' W/cm2. As will be shown, the impact ionization has even lower threshold. If the intensity of lO W/cm2 is reached for optical region of spectrum, the kinetic energy of electron oscillations in the field of light, E, becomes comparable with the rest energy of electron, eE/ =mc2 ' and relativistic approach is necessary (e, m are the charge and mass of electron, respectively).
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As the ultimate limit of this intensity scale (not experimentally achievable) the optical breakdown of vacuum could be mentioned at I = 1030 W/cm2 when electron-positron pair is generated (the energy of the resting electron becomes equal to the energy of light field at the Compton wavelength of electron). This short overview of characteristic intensities shows that new phenomena and applications are expected when the femtosecond focused illumination is employed. Better understanding of the material response to the high intensity excitations is expected with the employment of sub-picosecond (ps) X-ray sources,' recently available, which will allow monitor non-thermal processes in relaxation of photo-excited materials. 2 The intensity profile of the fs-laser pulses can be significantly modified by the linear and non-linear (dependent where I is the intensity of the -n41n2
I )
light and 12 is 1 or 2 for linear or TPA, respectively.
on the light intensity) interactions during their propagation in materials. For silica with normal dispersion the interplay of dispersion, self-focusing and self-phase modulation can lead to complex pulse splittings (single or multi-pulselets and their coalescence) and super-continuum generation.3 All the phenomena involved into the interaction of fs-pulses with materials at high-focusing (in microscope) conditions, such as multi-photon absorption, ionization, higher order dispersion are still not well understood nor modeled theoretically.
THE PRINCIPLES OF LASER MICROFABRICATION

Optical constraints on resolution
The term laser microfabrication inherently implies the usage of microscope as a tool in the fabrication process.
Consequently, the axial and lateral resolutions are given, respectively, by:4 z=2--' (2.1) NA r=O.6l-2--' (2.2) NA where X is the wavelength of irradiation light, n is the refractive index of material, and NA is the numerical aperture of objective lens. When the high spatial resolution is aimed, the oil-immersion objectives with NA > I are usually employed.
Recently, the most widely used femtosecond light source is Ti:sapphire laser operating at around 800 nm. This gives the size of the focal spot (central Airy disk of Fraunhofer diffraction pattern) where 84% of light energy are contained I .22AiNA = 0.75 j.tm for = 0.8 im and NA = 1.3. One can expect more localized modification of material in the focal point (higher spatial resolution of fabrication) if the multi-photon absorbtion (MPA) is responsible for such an event, e.g., when Gaussian beams are considered 1 = Ioexp(4ln2(x./x0)2), the two-photon absorption (TPA) improves resolution by a factor -J . Here x0 is the full width at half maximum (FWHM) of intensity, 1, envelope, and absorbed energy in TPA process scales as j2
the process of photo-modification can be considered having certain threshold (this is not rigidly correct for usually exponential phenomena) the dependence of lateral resolution on the intensity of irradiation can be presented by Fig. 2 . 1. Real dimensions of photo-modification are certainly dependent on the thermal conductivity, heat capacity, melting temperature, overheating of irradiation point, sound velocity of material, etc. The diffusion related processes scales as .J, where t is the pulse duration, and the photo-modification profile approaches that given by laser beam focusing optics. 2.2. Optical damage 3-D structuring of materials by light can be accomplished when the wavelength of irradiation is in the transparency region of these materials. This means that light-material interaction should be MPA in nature. Since the probability of MPA is exponentially dependent on the light intensity, the use of tightly focused (NA > 0.6) and short, sub-ps, pulses is desirable.
The basics of light induced formation of a plasma state in gas, liquid or solid matter can be understood in frame of collisional-plasma formation, which correctly predicts the dependence of intensity threshold of material ionization on laser pulse duration ii,, oc t;'
. This classical description is valid for the electron-avalanche formation, which can start from a single free electron and in tens of generations by an impact ionization can transfer all the focal volume of material into a plasma state.
What energy can electron acquire in the field of intense laser irradiation? Let us compare the energy of electron obtained in the light field with the ionization potential of matter, J 10 -15 eV (the following derivation is based on ref. 5 ). The movement of electron in the field of light E(t) = E0 exp(-iw t) + c.c. can be expressed by:
= E0 cos(w t) (2.1) t m in the frame of non-relativistic dipole approach (v/c <<1), when Lorentz interaction [v,HJ is not considered. Also, non-local effects are omitted E( r, t ) = E( t ) . Here, r v, e, m are the coordinate, velocity, charge, and mass of electron; o c, E and H are the frequency, speed, electric and magnetic field strength of light, respectively; c.c. stands for the complex conjugate and Now, let's assume the electron moves, in average, time between two adjacent collisions. The solution for the velocity of electron at the time moment t (the collisions are taking place randomly at the time moments t0) can be found from eq. 2.1
The probability that an electron, which is accelerating at the moment t, was experiencing its last collision at the moment t0 < t is given by
Then, time average of velocity can be found directly by definition of an average: v(t)(v(t))= Jv(t0,t)f(t0,t)dt0 (2.4) and solution is searched in the form v( t ) = 34 v0 exp(-ion ) + c.c. One can find ( (v') =0)
The average work of the light field made over an electron can be found as p = (eE( t )v( t )) . The first term of eq. 2.5 gives 0 due to ic/2 phase shift between v and E. Second term of eq. 2.5 defines the energy gain per electron in the field oflight due to absorption
where v = 1/r is the frequency of collisions. The energy change per electron due to collision with an ion of the mass M (the initial velocity of an ion is 0) can be found from the impulse conservation:
where = p2 / 2m is the kinetic energy of electron. An average value of cosines of the scattering angle of an electron can be considered (cos6) 0 ('strong interaction'). Then, the final expression for the energy balance for electron reads (dp)e2E v -2E0---v The quantitative prediction of eq. 2. 10 is not straight forward for solid matter (while correct for the gases at low preassure), because the mass of electron should be substituted by its effective mass, m*, usually m* < m. Also, the collision frequency can approach optical frequencies, v o , because of high density of solid state media. Even though, the qualitative picture is correct, since the circumstances mentioned above tends to lower ço,fl(. but the bandgap energy Eg (Eg < J) should be rather considered instead of ionization potential for the free-carriers generation. This shows that the energy of electron can reach the potential enough for impact ionization and interaction of heated electrons with the lattice is expected to be inelastic.
Avalanche and free-carrier-plasma formation. The mechanism described above has a potential to trigger an avalanche process of electron generation. If > Eg the number of free electrons and holes increases as the avalanche. Let assume, there is flO diffusion of free-carriers from the excitation region and no recombination (it is an appropriate assumption for the short pulses of t, 1 ps duration ). Then an avalanche can be defined as 'e =Neoexp(vii,it) (2.11) , where v0 is the ionization frequency. The time necessary for an electron to acquire the potential of ionization, 'r,0 = 1 /v10 , can be found from eq. 2.9
T. =_(1+v2/,) ( and a is the cross-section of electron scattering over neutral atom. By taking former example of quartz with n = 1 6x2.65x1 022 cm3 (a factor 16 accounts for the number of valence electrons of Si02), Ur,ns 1 . I8x107 cm/s (supposing m m* and T 300 K), and a = 1015 cm2, which is the "geometrical" cross-section of an atom, the estimate of collision frequency is V = 5.OxlO'5 s'. When applied to solid state, usually, the number of valence electrons is considered, as the maximum limit of possible ionization (excitation of deeper atomic shells is assumed not taking place). The optical frequency of 500 nm light is c/A 6x104 s', and the collision frequency approaches that of the light v 2 (0 . Now, we can make an estimate of the light induced damage threshold (LIDT) for impact ionization according to eq. 2. 13. If quartz bandgap Eg = 7 eV, A = 1 tim, and 1 +(v I )2 2 , are assumed, then the threshold defined by eq. 2. 13 is = 38 GW/cm2 for the pulse of t,,, = 1 ps. This threshold should be expected for the all bond ionization in the focal point (contributed by an electron-hole pair each to the free-carriers plasma), but this criteria is few times lower than the experimentally measured 249 LIDT, which is reached for silica at the fluence of 2 J/cm2 in the case of 1 ps pulses (2 TW/cm2).7 This shows that the avalanche formation can't be accountable for the ablation of material, which experimentally observed for short ( ips) pulses even at high light intensities.
Multi-photon excitation. Sub-picosecond pulses can create optical damage directly in MPA process without the development of avalanche, because basically , > t) for sub-ps pulses.8 The probability of MPA transition of an electron from the initial state i to the final statefis given by the golden Fermi rule:
Wf =HfS(Ef -E -nxhw) (2.14) , where H is the matrix element of the transition Hamiltonian ,n is the number of quanta involved in transition, and 5(.) stands for the delta function. The result of pertubation theory applied to eq. 2. 14 yield in:5
;1 = IL(p)I28(J+_ eE -nXh) ( The consideration presented above illustrates the phenomena of an avalanche development and MPA in free-carriers generation. To understand the dependence of optical damage on the pulse duration the time scales of the processes of freecarriers generation and their energy relaxation in material should be addressed. The light pulse energy delivered to the media is dissipated by different mechanisms sketched in Fig. 2 .2. As far as sub-picosecond excitation of material is concerned the key features are: i) thermalization of free-carriers with the lattice is not finished during the pulse and the temperature of free carriers is higher than that of lattice, Te, ii > T1, (it is the reason why processes induced by sub-ps pulses are considered as non-thermal) ii) free-carriers absorption (process 2 in Fig. 2 .2) drives the energy towards impact ionization, and iii) multiphoton absorption (process I in Fig. 2 .2) alone can yield in free carriers generation with the enough energy for impact ionization as well. Also, Auger recombination is expected to contribute to the overall carriers generationrecombination process, since sub-ps recombination times are, in general, expected at high free-carriers concentrations (A cnv3, where C is the Auger coefficient, which is, e.g., 7x1031 cm6/s for wide-bandgap SiC9). The shorter the pulse the larger the share of excitation is on MPA.
EXPERIMENTAL. SETUP AND MATERIALS
Laser microfabrication 1 Laser pulses used in fabrication were delivered by a setup consisting of a mode-locked Ti:Sapphire laser and a regenerative amplifier (Tsunami & Spitfire, Spectra Physics). The 400 nm second harmonic was obtained (e.g., when required for resin photo-polymerization) by frequency doubling of fundamental 800 nm wavelength in an angulary phase-matched BBO crystal. Pulse duration was measured by auto-correlation and was 120-150 fs (full width at half maximum (FWHM) value). The radiation power was up to 0.6 W measured at I kHz and 800 nm with the laser pulse energy stability of ca. 5%. The laser repetition rate was switchable from 1 Hz to 1 kHz. After a collimation the laser pulses were fed into inverted microscope (Olympus 1X70 with magnification xlOO and numerical aperture NA =1.35) or normal microscope (Optiphot-2 Nikon; xlOO, NA = 0.8/1.3) and tightly focused by an oil-immersion objective lens. The sample in which the fabrication to be made, was fixed onto a glass plate (standard scheme of operation of oil-immersion objectives), which, in turn, was affixed to a feedback-controlled piezoelectric translator (PZT) (Physik instrumente PZ48E). This piezostage was scanned according to a preprogrammed computer-aided pattern with the accuracy of several-nm. A typical scanning speed of PZT was 1 6 rim/s and the spacing between the adjacent exposed sites was 1 6 nm at a 1 kHz of pulse repetition rate, much smaller than the laser wavelength and the size of focal spot given by diffraction laws (eqs.2.1-2). The entire fabrication process was in situ monitored with a CCD camera-monitor set (Sony, DXC-930, and PVM-1442Q)
attached to the optical microscope. Samples. We used dry (OH concentration < 10 ppm) vitreous silica, v-Si02 (ED brand from Nippon Silica Glass Co.),'2 for the three-dimensional (3D) optical memory and photonic crystal (PhC) applications. The resins Nopcocure 800 (San Nopco) and NOA 60 (Norland Products, Inc.) consisting of radical photo-initiator and acrylic acid ester were used as light-curing starting materials for PhC and 3D prototyping. The polymerized solid skeletons, the resin/air structures, were obtained after the unsolidified liquid resin was moved out by dipping the sample into a developer (acetone or methanol) for 15 minutes. Definition of LIDT for 3D microstructuring. In our experiments the direct observation in microscope was used to justify the appearance of the optical damage in the focal point of irradiation. This was considered as a LIDT for microstructuring of material. Thus defined fluence of LIDT was about 8.7 times higher for silica, 17.3 J/cm2, as compared with the reported surface ablation experiments (ca. 2 J/cm2),7 where determination was made by an observation in more accurate Nomarskiitype microscope over the mm-sized spots of ablation created by the optically collimated pulses. The definition we are using in this paper is applicable for the 3D microstructuring of transparent materials when focused laser beams are employed. The LIDT of the surface damage typically was found 1-1 .5 times lower than that for the bulk irradiation (also depends on the surface quality). Pulse energy or intensity at the irradiation point was less than 25% of that at the entrance of the microscope (the losses comprise of the f-number mismatch at the entrance of microscope (transmission of ca. 32.8%) and the objective transmission itself, which was about 78% for the 400, 800 nm fabrication wavelengths). The pulse energy, fluence or intensity is given at the irradiation point unless specified.
RESULTS AND DISCUSSION
4.1. Three-dimensional laser fabrication in silica.
The bits of 3D memory or voxels (volume elements) were created by a single-shot microexplosion at the focal point of irradiation. By the focal point scanning these regions were arrayed into 3D patterns to form PhC. The primary issue aiming to achieve the high storage density of 3D optical memory or the distinct photonic bandgap out of 2D and 3D PhC is the size and shape of a photo-modified region. Mechanical polishing of the sample after irradiation can evidence the void formation at the center of focal point, which was located tens-of-.tm inside the bulk of material (amorphous or crystalline), as shown by atomic force microscopy (AFM) images in Fig. 4 . 1 . The size and shape of the voxel can be characterized by optical transmission as well (Fig. 4.2. ). The most spherical shape of the voxel is obtained when the pulse energy is 1-2 LIDT (LIDT = 76.8 nJ or 17.3 J/cm evaluated at the irradiation point in the case of fabrication in silica (Fig. 4. 1 .) ) and the smallest sizes are attainable by the employment of high NA = 1 .3 objective lens. Crack formation onset was found at the pulse energy of 0.64 jiJ.
Rather different fabrication patterns were observed when the same objective lens was adjusted to NA = 0.8 ( Fig. 4.2. ), i.e., the longitudinal gradient of the light field was reduced about 1 .5 times according to the light localization at a focus given by eqs. 2. 1 -2. The side view of an optical damage reveals the complex patter of filament formation, which cannot be understood in terms of self-focusing alone. The axial position of a focal point must obey zj'(J) jO.5 power dependence in the case of self-focusing. ' 3 This has been proved to be correct for the 10 -1 ps pulses in silica,'4 but it was not observed experimentally for 120 fs pulses we employed (Fig. 4.2(a) ). The steady-state paraxial wave equation analysis predicts a selffocusing towards a singularity when the light power exceeds the power of self-trapping, Pcr (beam spreading due to diffraction is compensated by self-focusing). P. = (O.6lA)2it/8n,n2, where the refractive index is light intensity dependent n(f) = no + n21. For silica at 800 nm P = 2.6 MW (n2 = 2.5x10'6 cm2/GW).'5 The average light intensity we used for irradiation of silica was 2.O-6.8x10'5 W/cm2 at the focus of 1.13x108 cm2 area (NA = 0.8). This already exceeds the power of self-focusing in silica and a non-linear aspects of the light propagation must be addressed. Actual intensity can even exceed few times the average at center of the pulse intensity envelope. The difference of the voxel shape in the case of NA = 1.3 (no filament formation) and NA = 0.8 (filament formation) fabrications we understand as originating from the different lateral light intensity gradient. In the case of more tightly focused irradiation, the dielectric breakdown is reached before the pulse is "shaped" by non-linear interaction. The free-carriers generated at the damage point defocus the pulse strongly enough that the secondary damage threshold is never reached.
The discussion in Part II deals with the light-material interaction in terms of free-carrier generation by an uniform illumination and subsequent their relaxation. The propagation of fs-pulses. which arc spectrally broad (120 fs pulses at 800 tim we used for fabrication has spectral width of FWHM = 10 nm or in wavenumbers 150 cm') in dispersive material is subjected to linear and nonlinear interaction with the mater and their spatial and time profiles (equally. the spectral pulse description can be considered) are changed. Group velocity dispersion (GVD). the linear interaction, which is independent on the light intensity. I, leads to the fs-pulse time/spectral spreading (here, we consider normal dispersion as in silica with _dk <o The main nonlinear interactions, which affect the pulse's spatial and temporal shape are self-phase dw modulation (SPM) and self-focusing. which can be considered as longitudinal and transverse Kerr effects (related to non-linearity), respectively. These effects are proved to be applicable for silica, the material, in which the propagation of fspulses is explored theoretically°'3'5 and experimentally.3' It was demonstrated that GVD can prevent from a collapse of Ispulses into a singularity due to self-focusing below certain intensity threshold.'7 With the increase of the pulse intensity. however, the non-linear effects leads to the pulse splitting. SPM and self-focusing alone or together with shock terms and Raman non-linearity causes splitting of the pulse into two15 or more The pulse intensities for which the calculations were done are smaller than those obtainable under microscope focusing used in microfabrication. Fig 4. 3 shows the patterns of microstructuring of silica by a single shots of 2.0-6.8x l0' W/cm2 intensity. The dotted filament seen in the transmission side-view, most probably, reflects the intensity profile of non-linearly modified. splitted. Is-pulse. This intensity profile is responsible for the free-carriers generation and their heating. In some locations, the Intensity is higher than the threshold of damage. Eventually. after the pulse is passed. the light energy coupled into the electronic sub-system is released locally to the lattice creating the damage pattern. The side-views obtained this way can he considered as a snapshot of a fs-pulse. However, the multiple foci formation can be caused by other processes as saturation of non-linear refractive index,'3 absorption. and free-carrier generation. GVD increase (here we are not taking into account any aberrations since the objective lenses were aberration corrected and a nonlinear propagation of the light inside the objective can be excluded from a consideration as negligible due to the low intensity of the unfocused light). Microstructuring of materials by the writing filament structures could be applied for 2D PhC formation. The photoinduced refractive index modulation can be written with superior spatial resolution (Fig. 4.3(a) ) than that made by microexplosion. Fast and local (smaller that diffraction limit), Kerr's nonlinearity-driven response of materials is promising for high density data storage systems such as super-resolution near-field structures (super-RENS),'9 where a thin, 10-20 nm photosensitive layer is optically "opened" (rendered transparent) for the writing into a deeper recording layer.
Three-dimensional optical memory
Rewritable 3D optical memory was first demonstrated in polymer matrix doped by photochromic spirobenzopyran dye.2°S uch a recording is an alternative way to extend a two-dimensional storage density without the usage of more sophisticated methods of near-field optics.2' Current technology of digital versatile disk (DVD standard of 1996) with the storage capacity of 4.7 Gbytes (60.7 Mbytes/cm2) can be increased up to 15 Gbytes per disk by the employment of GaN/InGaN based laser operating at 400 nm (this can be considered as a limit for such memory). By now, 3D patterns are fabricated in photochromic22'23'24, photorefractive25'26 materials and photopolymers.27'28 The glass materials attracted attention as a matrix of read-only 3D memory due to the superior mechanical properties as compared with those of polymers and due to recording durability as it was shown in case of v-Si02.29'30" The high signal-to-noise ratio read-out, S/N = 20 log((TMAX-TMJN)/ (TMAX+TMJN)) > -3.5 dB," is possible in transmission, T, of a particular bit plane, which is in the focus (Fig. 4.4 ). An example of 0.1 Tbytes/cm3 memory fabricated by fs-irradiation is presented in Fig. 4.4(c) . Such a high recording density can not be achieved with ps-pulses due to higher "frozen-in" stress, which eventually is released in a crack formation after (or during) the fabrication.
We found that 3D pattern of optical memory can be readout by its photoluminescence (PL) image as well, and that defect-related PL can be erased by an annealing for 30 mm at comparably moderate 400°C temperature (the temperature of silica softening is about 1300 K).3' This makes possible two-bit data storage per single bit if PL and transmission readouts are employed. The PL of optically damaged regions of silica originates from the defects introduced by fabrication.32 The absorption band of oxygen vacancy, V0. at 4.96 eV (250 nm) is apparent in the absorption spectra of photo-modified silica (Fig. 4.5(a) ) and it was found responsible for PL at 280 nm, 470 nm, 650 nm and, in some silica, at 560 nm.'2 Weak absorption at 2 10-220 nm is due to E' center (Si., where -and • denotes bond and unpaired electron, respectively), which is non-radiative recombination center as the most of paramagnetic defects and gives no PL. Defect-related PL is usually too weak for practical applications due to low quantum efficiency = rR /(rR ÷ rNR) < 1 O, where rRNR are the radiative and non-radiative transition rate, respectively. However, the concentration of the defects created locally near the focal point is very high (over 1018 cm3) , what, actually, allowed to succeed in PL readout of 3D memory. The concentration of the defects, Ndet, can be evaluated from the absorption by Smakula's formula (supposed, the density is small enough to neglect their interaction):33 7 MAX Ndfl.3xl0' cxd9f [cm1] is the absorption coefficient at its maximum and AE [eV] is the absorption line width. Oscillator strength of deep centersfis on the order 0.1-1 (for neutral oxygen vacancy in Ge-doped silicaf =0.4 is reported34). The real optically damaged volume can be evaluated from the fabrication pattern and by the evaluation of bit size in microscope. In the case of data on Fig. 4.5(a) , the diameter of photo-altered region was d = 1 im and the in-plane separation of the bits was 5 by 3 .tm. This allows to calculate the absorption coefficient of V0 defect (Fig. 4.5) , which was induced by irradiation (10)OD , where the factor A = 14.4 accounts for the optically damaged volume and OD = 6x103 is the optical density at 250 nm corrected for Rayleigh scattering). Then the density of V0 can be evaluated from eq. 4.1 by substitution zlE = 0.4 eV and f= 0.4. We obtain Ndef 2.59x102° cm3. This calculation was done without consideration of the void inside the bit, what even would increase already large value of Ndet. The mechanism of the defect formation under fs-irradiation is expected to have new features, such as the excitation of the inner shell electrons. This mechanisms was recently demonstrated in proton irradiated silica, where the non-radiative decay of self-trapped bi-excitons by Auger recombination is creating Frenkel pairs of the defects by 0 2s electron-shell ionization.35 It is conceivable, that similar mechanism of the defect generation can be realized by fs-pulses. We have already demonstrated32 that the same defects as those induced by particle or X-, fly-ray irradiation can be created by fs-pulses in silica as well.
The experimental data on the writing-erasing cycles in silica are shown in Fig. 4.5(b) . The PL measured out of a single bit was erased by an annealing at 500°C for 1 h, then once more irradiated at the same, high, fabrication intensity at 800 nm.
PL was excited by irradiation of 400 nm, 120 fs pulses with the single pulse energy of ca. 10 times lower than that of fabrication.3' The bit already written acts as a scattering point for the every next writing cycle and the microexplosion conditions are much different. Thus, the subsequent writing-erasing cycles shows an increase of PL, which is, most probably, related to the bit's enlargement (Fig. 4.5(b) ). Nevertheless, this principle hides a promise for the defect engineering by fs-irradiation and could find its way into the applications such as re-writtable optical memory, especially in the glasses doped by the elements responsible for color centers formation.
Gratings and photonic crystals
When the voxels are 3D-odered as single bits or lines (in-line overlapping bits) the formation of 3D and 2D PhC is expected. Quasi-iD PhC, a grating, most easily can be fabricated (Fig. 4.6) . The grating allows to evaluate the refractive index change, which is one of the most important parameters for the full band-gap PhC formation. For the sinusoidal transmission modulation, the diffraction efficiency in the first diffraction order is Mf2 where the complex refractive index L\ui: = .n +iEk is expressed in terms of the changes its real part, zn, and extinction coefficient, 4k, which, in turn, is related to the modulation of the absorption coefficient, Aa, by z%k = ztac/(2w). Formally, the total light intensity losses due to the absorption and scattering can be combined by 1a = ziaah. + 'sc The prediction of high refractive index modulation, An > 1 02, from the diffraction patterns of fs-fabricated silica30'36 can be, however, incorrect provided the scattering and absorption are strong. This is usually the case for the fs-fabrication as can be seen in Fig. 4.5(a) , where the Rayleigh scattering contributes considerably to the observed absorption (even at 800 nm the light losses due to scattering alone comprises 49% of the overall OD when fabrication was made by 3.5LIDT at 800nm ). Thus, the pure refractive index changes measured by diffraction are expected to be smaller according to the separate contributions of the phase (refractive ' ) \4
The light absorption and scattering can decrease transmission of PhC in the region of photonic bandgap as well. For this reason the fabrication and post-fabrication treatment of the sample needs to be optimized, e.g. annealing should be considered, to increase the performance of fs-fabricated gratings and PhC by reducing scattering and defect-related absorption. Indeed, the waveguides fabricated by scanning a focal point of fs-pulsed irradiation in glasses38 showed 4n 102, but the fabrication procedure was multi-shot irradiation which acts as annealing. Also, the attenuation, which arises due to absorption and scattering has not been measured,38 although the results were obtained on short, 15 mm, propagation length.
PhC can be constructed by packing the microexploded holes, "atoms," into 3D lattice (Fig. 4.7(a) ).39 Intuitively the holes resembled the atoms in Thomson atom model, and therefore we call these structures inlayed-"atom"-like PhCs, which were made by positioning and translating the focal point of the laser irradiation inside silica. Each "atom" was written in a single laser shot. By using a NA = I.35 objective lens near-spherical voids were obtained and the high reproducibility of their shape was favored by the stability of the laser pulse output. Since the microexplosion occurs only at the focal point where MPA is taking place, the voids can be spatially arranged freely. Different photonic laflices were realized just by varying computer-aided design program. As an example, one (1 1 1 )plane of face centered cubic (fcc) lattice is shown in (Fig. 4.7(a) ). The entire crystal was created through a layer-by-layer stacking of (111) planes.
To testify photonic bandgap effect, a transmission spectrum was measured with a Fourier transform infrared (FTIR) spectrometer (Fig. 4.7(b) ). The minimum of transmittance occurred at 3490 cm. The change of the lattice constant caused an according variation of the wavelength of the transmission dip as predicted by Bragg law, showing that the dip is indeed from the photonic band gap effect. A transmission spectrum was calculated by the full-vector analysis (transfer matrix technique)4° to reproduce the experimental dip wavelength of 2.87 jtm (3490 cm'), with the void radius rand the difference in the refractive index, ian, as fitting parameters. As a result, d = 250 nm and An = 0.45 gave a good agreement between the measured and calculated dips. The value of d measured by AFM is larger than 250 nm used in calculations. The lateral size 3000 3200 3400 3600 3800 4000 Wavenumber (cm1) of the voxel might be altered by polishing and, also, the measurement by AFM must be dc-convoluted from the tip's profile. which is not known: that is why we haven't fixed d in the simulation to the value measured by AFM. By stacking the grating planes various 2D and 3D photonic lattices consisting of cylinders can he acquired. A direct application to 3D PhC is. layer-by-layer structure, in which adjacent layer is turned by an fixed angle. e.g. 90. and the nearest layers with the same orientation are made with the half period ottset. 2D triangular lattice (Fig. 4.X(a) ) has the best geometry for achieving a full in-plane band gap for both E-(electric field parallel to the cylinder axis) and H-(magnetic field parallel to the cylinder axis) polarizations as have been shown theoretically4' and experimentally. 42 The cylinders were confirmed to be hollow by an AFM measurement. The fabricated structure was observed using optical microscope from the top and the side. For the side viewing, the glass plate was broken and end facet polished (Fig. 4.(a) ). The lattice constant was 1.2 J.tm and the lateral (XY) size of fabrication was 40x40 jim (defined by PZT working distance). Typical transmission spectra of these PhC structures for both polarizations are shown in Fig. 4.8(h) . The spectra were normalized to the transmission of randomly irradiated samples. Approximately 10U/ transmission dip for H-polarization occurred at a wavenumber of 4100 cm . while that for E-polarization was less pronounced and located at 40(8) cm . A perfect air rod structure with refractive index difference of 1.45 (air-silica refractive index difference) should permit a full bandgap. i.e.. light propagation is forbidden in all direction (in-plane for the 2D periodic lattice) if a sufficient filling ratio was offered. The filling ratio,f, is the percentage of the total volunie which is occupied by a dielectric and, in the case of rigid dielectric rods LBL PhCs, is expressed as f = rr/4a. where r and a are the radius and in plane pitch ol the rods.
respectively. However, the diameter of the cylinder was smaller than necessary. while reducing the line spacing or increasing the rod diameter (by increasing the laser power) would lead to a distortion of cylinders. What is noteworthy is that the band gap effects for H-polarization was always observed to be stronger than those for F-pol. This showed that H 258 measured opaque region can be either from a band gap or an uncoupled mode. In both cases the transmission attenuation is closely relevant to the periodicity of the structures.
Laser fabrication in resin
In the current work, two 3. 1 eV (400 nm) photons from the focused fs-laser were simultaneously absorbed by initiator molecules to start the photochemical reaction that is normally driven by one-photon absorption using the ultraviolet light. The two-photon absorption was enabled by an extremely high transient photon flux density, approximately at a level of I 032/cm2s. Because of the quadratic dependence of photopolymerization rate on the photon flux density, solidification was confined to occur at a smaller region at the focal point comparing with the linear absorption, while the out-of-focus region was passed by the 400 nm laser light without absorption. The spatial resolution smaller than the laser diffraction limit can be achieved. This is one of the advantages of multiphoton excitation as was discussed in Part II.
3-D structures and photonic crystals by photopolymerization
The examples of photopolymerization Figs. 4.9-10 demonstrate 3D structure and 1-2-3D PhC fabrication in resin.45 Layerby-layer (LBL) structure (Fig. 4.10(a) ) has a symmetry of face centered tetragonal, fct (Fig. 4.10(b) ). When c/a = , the lattice can be derived from fcc unit cell with a basis of two rods. For the laser fabrication, commonly, we have c>a>2r. Scanning electron microscopy (SEM) image of the cross section of the orthogonal-plane LBL structure is shown in Fig.  4 .10(c). The samples for SEM were fabricated by breaking the structures, at low temperature, and then coating with a-fewnm-thick Au film. The SEM image showed that a well defined 3D spatial structure had been achieved -the rods were flowed through the entire light path to suppress the disturbance from the absorption by H20 and CO2 during FTIR measurements). The spectra had been normalized by the transmission of the uniformly solidified bulk resin. The transmittance dips under the normal incidence were at wavenumbers of 2550,25 10, and 2450 cm' for a 1 .2, 1 .3, and 1. 4 .tm, respectively. The corresponding wavelengths were located inside the transparency window of the resin. An increase in the wavelength of transmission dip versus lattice constant was interpreted by the fact that frequency scales as 1/n in a medium of refractive index, n. The mean dielectric constant increased with filling ratio of resin, which accordingly depends on the lattice constant. A depth of the dip increased with an increasing lattice constant, it was very possibly related with the completeness of developing, i.e., the larger the pitch between rods, the better the unsolidified resin was resolved.
CONCLUSIONS AND OUTLINE
The fs-laser microfabrication is a promising technique to apply where the high spatial resolution of photomodification are required and could find its way in the fields of optical memory (3D and super-RENS) and photonic crystals. This technique satisfies the requirements for an accomplishment of strong photonic bandgap effect, which is controlled by dielectric contrast, filling ratio and lattice type. A light-curling materials with a large index of refraction, n > 2, are necessary to maximize the dielectric contrast. Filling ratio of PhC can be continuously adjusted in the range of 0 < f < 1 . The unique merit of the laser microfabrication lies in the versatility of achievable spatial geometry. Only if the solidified structure can be self-supported, any lattices such as face-/body-centered cubic, simple cubic and diamond are obtainable. A natural and direct application of this technique is various layer-by-layer packings.
